Abstract Unit responses of auditory afferent fibers in the monkey could be classified into two distinct populations according to two criteria: (i) the shape of the response area (in particular, the sharpness of tuning, "Q (10) ," and high frequency cutoff), and (ii) the impulse rate-sound intensity functions at different frequencies. These two populations have different log-normal distributions of the Q (10)s. The smaller population has a relatively rounded (smaller Q (10)) response area with a slow high frequency cutoff and rate-intensity functions with ramps of different slopes. The larger population has a sharp (larger Q (10)) response area and rate functions with parallel ramps. These differences in discharge properties give reasonable grounds to suppose that the smaller and the larger populations correspond to the outer spiral and inner radial fibers in the cochlea, respectively.
There are two kinds of afferent auditory nerve fibers in the mammalian cochlea: the outer spiral (OS) fibers and the inner radial (IR) fibers. Each of the OS fibers innervates more than ten outer hair cells extending over a wide region along the basilar membrane in the cochlea, whereas each of the IR fibers innervates only one or two inner hair cells (SPOENDLIN, 1968 (SPOENDLIN, , 1970 (SPOENDLIN, , 1975 . This morphological difference in their innervation patterns might reasonably be expected to reflect some functional differences. However, despite extensive studies of single auditory fibers in mammals, there has been little evidence of any differences in their discharge patterns (KATSUKI et al., 1962; NOMOTO, 1964; MOMOTO et al., 1964; ROSE et al., 1971; HIND, 1972; PFEIFFER and KIM, 1972; EVANS, 1975; KIANG et al., 1976; DALLOS and HARRIS, 1978) or the shapes of their response areas (RAs) (KATSUKI et al., 1962) . In an afferent fiber with multiinnervation like an OS fiber, many possible modes of discharge patterns can be supposed (WHITFIELD, 1967) . In short, there are two hypotheses. (i) If adequate excitation of any one of the hair cells is sufficient to fire the fiber, the OS fiber should yield a blunt, not a sharp, RA, since its spatial innervation is wider than that of an IR fiber. (ii) If each hair cell makes a contribution towards the excitation of the fiber, the threshold of the OS fiber would become lower than that in the single hair cell situation.
In that case, the RAs would become sharp. However, what would happen to the shape of the RA, especially at its tip, is unpredictable.
METHODS
Monkeys (Macaca irus and M. mulatta) were used as experimental animals. They were initially anesthetized with 25 mg/kg sodium pentobarbital, given intraperitoneally. Later injections were given through a femoral vein catheter in order to keep the animals sufficiently immobile. Surgical preparation and recording of single unit activity of the cochlear nerve were basically the same as has been described previously (NOMOTO, 1964; NOMOTO et al., 1964) . Pure tone bursts were delivered in a free field in a sound-insulated room. Pure tone bursts used in most experiments were 160 msec in total duration with 20 msec rise and fall times and with a repetition rate of 1 per sec. RAs were measured in most cases by visual evaluation on an oscilloscope and by using a spike sound monitor. When the discharge rate vs. sound intensity function was available, RAs were measured by the functions on the graph. Throughout this paper, the relative sound pressure level was used. At 1 kHz, 0 dB=93.8 SPL (relative to 0.0002 dyne/cm2). The quantitative aspects of the firing patterns of primary auditory fibers were examined.
RESULTS
As an objective indicator of the sharpness of RAs, the Q (10) was measured. The Q (10) is defined as the characteristic frequency (CF) divided by the bandwidth of the RA at 10 dB above the threshold at CF. In the auditory fibers, I found two distinct populations of Q (10)s, though there is no direct evidence that these populations correspond to the OS and IR fibers. For convenience, I will call these the OS and IR populations or samples.
The Q (10) values of 118 units are plotted as a function of the CF in Fig. 1 . In this sample, units with abnormally high thresholds above -40 dB were excluded whenever the local blood circulation of the eighth nerve appeared to be poor and hypoxia of the animal was apparent, since EVANS (1974) has reported that hypoxia makes RAs less sharp than normal. However, no unit was excluded if the cause of the high threshold was not evident. The distribution of units in Fig. 1 shows that the sharpness of RAs tends to increase as the CF becomes higher. At higher CFs, Q (10)s were relatively large and their scattering was greater than that at lower CFs. The same tendency of Q (10) scattering was also observed in cats and guinea pigs (KIANG et al., 1965; EVANS, 1972) . The Q (10) does not necessarily express the characteristic shape of RAs, although it is a convenient measure of their sharpness. In Fig. 1 were comparatively less steep at the high frequency cutoff side than the RAs of the 91 units shown by the solid symbols. Figure 2 illustrates examples of the situation on the high frequency cutoff side. Although the RAs of most units show a sharp high frequency cutoff, a few units with a relatively low CF have a slow slope at the high frequency side, as shown in the lower diagram of Fig. 2 . Together with the value of Q (10), the discharge rate of each auditory fiber was measured as a function of stimulus intensity for sounds of different frequencies. The two contrasting types, as shown in Fig. 3 A and B, have been termed "parallel ramp type" and "crossed ramp type," respectively (NOMOTO, 1964; NOMOTO et al.) . Figure 3A illustrates a fiber for which the discharge rate-sound intensity curves for the different stimulus frequencies are similar in shape and exhibit steep slopes with a dynamic range of about 20-30 dB. Figure 3B represents another type of fiber, presumably an OS fiber , in which the rate-intensity functions at and above the CF (0.8 kHz) are less steep than those for sound frequencies below the CF. A similar frequency-dependent characteristic has been generally observed in this type of fiber (NoMoTo, 1964; NOMOTO et al., 1964; EVANS, 1972 EVANS, , 1975 GEISLER et al., 1974) .
In the sample of 64 fibers studied for the rate-intensity function , 42 fibers distinctly belonged to the parallel ramp type, 10 fibers to the crossed ramp type and the rest were of an intermediate type. These are shown in Table 1 represent frequencies of sound in kHz. In B, note the systematic differences in slopes of the curves according to sound frequencies, the slow slope at and above the CF and also note the appearance of the intersecting point of the polygons at the lower level of stimuli, thus indicating a blunt RA. A total of 118 fibers are classified according to two characteristics, i.e., (i) ramp type and (ii) slope of the RA at the high frequency side, as shown in columns 1 to 8. + indicates crossed ramp type and slow high cutoff (slow cutoff at high frequency side of the RA), and-indicates parallel ramp type and sharp high cutoff. Decimals (1.5, etc.) mean that the unit lies on the borderline of two classes. The mean of all Q (10)s and the standard deviation are 5.62 and 4.01, respectively. * Q(10)=20 . ** Q(10)=17.2.
with the tendency in the high frequency cutoff side with respect to the Q (10) values. Fractions in the table mean that one fiber lies on the borderline between two classes. In the crossed ramp type, the intersecting position of the curves of the rate-intensity functions differs from fiber to fiber. In Fig. 3B , an intersecting position appears at the lower level of stimulus, thus indicating a flat-bottomed RA with a low Q (10). When an intersecting position is located in the region of a high discharge rate (NOMOTO, 1964; NOMOTO et al., 1964) , the fiber shows a sharp RA. Q (10)s of all fibers were classified according to the two attributes in Table 1 . The first attribute is the ramp type in the discharge rate-intensity function; the second, i.e., supplementary, attribute, is the slope of the high frequency side of the RA. Compared with IR fibers, OS fibers would have a rather strong possibility of showing the crossed ramp type and a lower Q (10) with a slow slope at the high frequency side of the RA. When the two attributes were not consistent with Vol.30, No.1, the identification of an OS fiber, the first attribute took precedence because the first is clearer than the second. Both columns 1 and 2 in Table 1 belong to the crossed ramp type, so that these fibers are presumed to belong to the OS fiber category, even though RAs have a sharp high cutoff side. In the intermediate type, i.e., columns 3 and 4, column 4 with a slow high cutoff side is presumed to belong to the OS fiber group. Columns 5 and 6 are clearly the parallel ramp type so that these groups were categorized as the IR group. The ramp type of columns 7 and 8 is unknown. Column 8, with a slow high frequency side, falls into the OS fiber group. Therefore, columns, 1, 2, 4, and 8 in Table 1 are presumed to represent the OS fiber group and the rest, the IR fiber group. In Fig. 4 , the cumulative frequency distribution (ordinate) of all Q (10)s is plotted on normal probability paper against the values of Q (10) (abscissa) on a logarithmic scale. Surprisingly, the cumulative distribution (solid squares) shows two excellent straight lines with a flexion point around Q (10)=4. The nature of this Q (10) distribution suggests the existence of two populations of auditory fibers. Each cumulative probability of the Q (10)s of the above two groups is plotted on a log-normal probability paper in Fig. 4 . The presumed OS and IR groups, 28 (open circles) and 90 (solid circles) fibers, respectively, clearly lie on two separate straight lines. This means that the whole population of auditory fibers is composed of two subpopulations with log-normal distributions. (A) Histogram of the Q (10)s in the 28 fiber group collected from columns 1, 2, 4 and 8 in Table 1 . The fibers of this small sample have a high probability of belonging to the class of outer spiral fibers. (B) Histogram of the Q (10)s in the 90 fiber group from columns 3, 5, 6 and 7 in Table 1 . This large sample is presumed to consist of inner radial fibers. (C) Histogram obtained from the whole sample of 118 fibers that consists of the 28 and 90 fiber samples. Curves (A and B) indicate theoretical log-normal distributions derived from calculations based on the means and variances in the two samples. Curve (C) represents the sum of the two curves.
Q (10)s of the OS and IR subsamples and also their theoretical log-normal distribution curves calculated by the moment method. In Fig. 5C , the entire histogram of the Q (l0)s for the 118 auditory fibers shows a good fit with the theoretical curve consisting of the sum of the two log-normal curves.
In the OS sample, the mean of the Q (10) 
DISCUSSION
The cumulative distribution line of Q (10) on log-normal distribution probability paper calculated from Kiang's data in 89 units of cats (N. Y. S. Kiang, Discharge Patterns of Single Fibers in Cat's Auditory Nerve, M. I. T. Press, Cambridge, Massachusetts, 1965, p.89, Fig. 7. 6.) shows the same tendency as my experiment except that its line is a little steeper than mine and the flexion point is located around Q (10)=9. The difference in those flexion points can be explained by the different method used for measuring RAs. I measured the RA with pure tone bursts, while Kiang used continuous tones. RAs measured with continuous tones become sharp and, therefore, the Q (10)s are larger than those of tone bursts since the frequency sweep method of estimating the RA reduces the discharge due to the adaptation of the fiber in response to a continuous stimulus. Thus Kiang's data provide further support for the existence of two populations.EVANS ' (1975) data also showed the same tendency of the relationship between characteristic frequencies and Q (10)s.
The narrow dynamic range of the parallel ramp type seems poorly suited for detecting two different frequencies of sound because most neurons of this type, presumably the IR class, reach their firing rate rapidly as sound intensity is increased and these saturated responses would not be useful in frequency discrimination. The spatial arrangement and the nature of IR fibers are thus effective for frequency detection only at weak intensity. Therefore, the high threshold of inner hair cells would be convenient for frequency detection. The behavior of the rate-intensity function of the OS fiber can be explained on anatomical grounds (SPOENDLIN, 1968 (SPOENDLIN, , 1970 (SPOENDLIN, , 1975 ). An OS fiber runs spirally basalwards over a considerable distance unbranched, and then branches to innervate about ten outer hair cells. When the sound frequency is low enough to excite a few hair cells that receive innervation from an OS fiber at the apical edge, its rate-intensity function will be steep if a graded response of the dendritic branch can initiate an impulse on the OS fiber at the thin region in the habenula perforata, like an axon hillock. When the sound frequency is suitable to excite all the hair cells belonging to an OS fiber, each branch would be excited from the basal side in order. Thus, the branches at the apical side would often encounter a refractory period, depending on several factors such as the speed of the traveling wave, the duration of refractoriness and so on. Therefore, at this frequency, perhaps near the CF, the OS fiber could not fire effectively in proportion to strong intensities. Hence, the rate function will increase with a lower slope that implies a wide dynamic range. At a frequency above the CF, a few cells at the basal side will be stimulated but the excitation of branches distant from the site of spike generation may not be enough to initiate spikes. In this situation, the rate function would show a slow increase. The behavior of the rate-intensity function of the OS fiber below, at and above the CF can be understood in this manner. VAN BERGEIJK'S (1961) model experiments on the firing patterns of an OS fiber demonstrated not only transfer of the intersecting positions but also a response pattern of the crossed ramp type. The model assumed that spikes originate in each branch of a single OS fiber and have the possibility to collide at the junctions of branches as the stimulus increases, especially near the CF.
According to SPOENDLIN (1968 SPOENDLIN ( , 1970 SPOENDLIN ( , 1975 , the number of OS fibers is 5 to 10% of the whole sample. This percentage is inconsistent with my experimental result of 23.7%. The differences might be ascribed to the size of OS and IR fibers which microelectrode recording would pick up from the thick fibers. The functional significance of the two kinds of fibers is still obscure but the finding of the systematic difference concerning Q (10)s over a wide range of CFs together with other features found in the discharge patterns may give a clue to their functional roles. Unfortunately, the temporal aspects of the discharge pattern were not tested so that it is impossible to make a direct comparison with PFEIFFER'S (1972) populations I and II. There remain some problems to be solved before asserting that these populations definitely correspond to the OS and IR fibers. Vol.30, No.1, 1980 
